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http:WHAT THIS PAPER ADDS
This study was designed to evaluate the outcomes of patients who underwent carotid endarterectomy (CEA)
after acute ischemic strokes. This was achieved in accordance with the topographic pattern of the cerebral
infarct as this indicates the embolic or the hemodynamic nature of most cerebral ischemic strokes. To the best of
our knowledge, this is the ﬁrst study in the literature addressing CEA outcomes based upon such ﬁndings. Our
results highlight the current possibility for surgeons and neurologists to assess beforehand stroke pathophysi-
ological mechanisms and to anticipate the needs for alternative strategies or protective cerebral measures
during CEA.Objectives: To evaluate the prognostic value of cerebral border-zone infarctions (watershed infarctions) on the
early postoperative outcomes of patients undergoing carotid endarterectomy (CEA) after acute ischemic stroke
(AIS).
Methods: Sixty-six (66) patients with symptomatic carotid stenosis (SCS) that underwent ipsilateral CEA after AIS
from January 2007 to March 2012 were included in this study. They were divided into two groups according to
the topographic patterns of the stroke: group 1, Territorial Cerebral Ischemic Strokes (TCIS) caused by emboli of
carotid origin; group 2, cerebral border-zone infarctions (CBZI) related to an SCS associated with hemodynamic
impairment. All data was collected in a prospective database and analyzed. Outcome measures included
postoperative neurological morbidity and 30-day mortality.
Results: Forty-three (43) patients (65.15%) experienced TCIS and were included in group 1, 23 patients (34.85%)
had a CBZI and were included in group 2. There were no postoperative deaths. The postoperative neurologic
morbidity rate was signiﬁcantly higher in the CBZI group (22% vs. 2%, p ¼ 0.02). Multivariate analysis
demonstrates that CBZI was the only independent predictive factor of neurologic morbidity after CEA for AIS
related to an SCS. Furthermore, the risk of postoperative neurologic morbidity remained signiﬁcantly higher for
patients with CBZI after adjustement for age, sex, initial NHISS scores, and associated contralateral carotid
occlusion (HR: 0.059, 95% CI 0.004e0.85; p ¼ 0.03).
Conclusion: CBZIs, compared to TCIS, were associated with a higher neurological complication rate during the
postoperative period after CEA for SCS in cases of AIS. Further studies are required to better deﬁne the timing
and the best treatment modality for patients with CBZI related to an SCS in order to reduce associated procedural
complications.
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The primary goal for the treatment of atherosclerotic
carotid disease is the prevention of stroke. Cerebral events
distal to internal carotid artery (ICA) disease are thought to
be mostly embolic1,2 and to originate from unstable pla-
ques.3,4 This classically leads to cortical territorial brain
infarctions. Alternatively, cerebral events distal to severe
atherosclerotic carotid disease may also result from
hemodynamic impairment5,6 causing the so-called water-
shed, junctional or cerebral border-zone infarctions.7,8
These two classes of brain lesions and their possible
implications for different pathophysiologic mechanisms
during stroke are well acknowledged in the most recent
neurological literature. Cerebral border-zone infarctions
constitute between 10 and 64% of all brain infarcts5,9e11
and occur in characteristic locations at the junction
between two main cerebral arterial territories.5 These
infarcts typically happen in patients with associated
abnormalities in the circle of Willis12 or with occlusion of
the contralateral carotid artery.12,13 The topographic
pattern of the cerebral lesion is also speciﬁc and readily
differentiated from cortical territorial brain infarctions on
preoperative diffusion-weighted and perfusion-weighted
magnetic resonance imaging (MRI).14
Early carotid endarterectomy (CEA) has been shown to
be the most effective treatment in preventing recurrent
cerebrovascular events in patients with stable acute
ischemic stroke (AIS) related to ICA atherosclerotic
disease.15,16 According to the recent literature CEA is
recommended within the ﬁrst two weeks after a transient
ischemic attack (TIA) or minor stroke,17 or even in the
hyper acute period (within the ﬁrst 48 h) since beneﬁt
from CEA fell rapidly with delay of surgery.18,19 This
paradigm has been questioned more than once by the
increased procedural risk sometimes reported with early
CEA in these settings.20 Although the natural risk of
recurrent cerebral events during stroke acute phase may
well outweigh this increased operative risk, the search for
further clinical or pathophysiological factors that could
affect the outcomes appears mandatory. Especially, the
outcomes after CEA in relation to the mechanism of the
cerebral ischemia (embolic or hemodynamic) as depicted
on preoperative brain imaging have never been analyzed
in literature so far.
In this present single-centre pilot study, we aimed to
evaluate, according to the embolic or the hemodynamic
origin of the index cerebral event, the outcomes of neuro-
logically stable patients who underwent CEA after AIS. We
hypothesized that patients with compromised cerebral
perfusion identiﬁed on preoperative imaging by the presence
of cerebral border-zone infarctions would have a signiﬁcantly
higher risk for recurrent ischemic stroke during CEA.
MATERIALS AND METHODS
All patients with symptomatic carotid artery stenosis (SCS)
that underwent ipsilateral CEA at our institution, during the
period from January 2007 to March 2012, were entered intoa prospective database. SCS was deﬁned as ipsilateral
hemispheric stroke or TIA within 6 months before CEA,
according to the ECST Multicenter Randomized Controlled
Trial21 eligibility methods. For the purpose of this study, the
analysis included all consecutive neurologically stable
patients with documented AIS who underwent ipsilateral
CEA following the qualifying neurological event. AIS was
deﬁned in patients with sudden onset of focal neurologic
deﬁcits as the presence of acute cerebral ischemic lesions
(hyper intense signal on brain multimodal MRI) at the time
of admission. This was regardless of whether this deﬁcit was
regressive or not, associated or not with an initial stepwise
or gradual progression of symptoms, or whether the patient
had undergone thrombolytic therapy or not. Therefore
patients with only TIA and no evidence of an acute MRI
cerebral lesion [hyper intense signal on diffusion-weighted
sequences or on ﬂuid-attenuated inversion recovery (FLAIR)
sequences] were speciﬁcally excluded from this analysis.
During the study period we adopted an aggressive CEA
policy for all such patients with AIS related to atheroma-
tous carotid artery disease. CEA was carried out in these
patients preferably within 14 days of the index event
(early CEA) or as a delayed procedure (as soon as possible
after stabilization) in instances of initial neurologic insta-
bility. Neurologic instability encompassed patients with
non-resolving associated brain hemorrhage, those with
associated disabling non-recuperating neurological massive
deﬁcit and those with large volume cerebral infarctions on
initial brain imaging. Neurologic instability was pronounced
at the discretion of a multidisciplinary staff including vascular
neurologists, neuroradiologists and vascular surgeons.
Patients who underwent CEA beyond the ﬁrst three months
of the qualifying event as a result of prolonged neurologic
instability were not considered suitable candidates to be
included in this analysis.
With respect to the goal of the current study, all enrolled
patients were divided into two groups, according to the
pathophysiological mechanism of the stroke as underlined
by its topographic pattern in brain MRI:
 Group 1: Territorial Cerebral Ischemic Strokes (TCIS)
caused by emboli of carotid origin in the middle or
anterior cerebral artery (Fig. 1);
 Group 2: Cerebral border-zone infarctions (CBZI) related
to an SCS, associated with hemodynamic impairment
due to inadequate collaterals crossing the circle of Willis
or contralateral ICA occlusion (Fig. 2).
The hemodynamic or embolic nature of the cerebral
ischemia was prospectively adjudicated by the Vascular
Neurologists in accordance with the topographic patterns of
the stroke on preoperative MRI and CT-scan. In order to
rule-out cardiac causes of stroke, all enrolled patients
underwent a routine cardiologic work-up including a 12-
lead electrocardiogram, routine echocardiography and 24 h
Holter monitoring when indicated. The aortic arch was also
assessed preoperatively for possible sources of emboli
based on angiographic imaging data in order to ascertain
Figure 1. An example of territorial cerebral ischemic strokes (middle cerebral artery territory) as displayed on preoperative diffusion-
weighted magnetic resonance imaging (MRI).
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We performed CEA when the grade of the ipsilateral carotid
stenosis was 50e99% NASCET.22 All CEA procedures were
carried out under general anesthesia, and decision for
selective shunting was reached with the ICA stump pressure
monitoring method. The choice of the CEA technique,
namely eversion or patch closure, was at the discretion of
the surgeon.Figure 2. An example of right cerebral border-zone infarction (junc
resonance imaging (MRI).Clinical, anatomical and radiological data were all
collected into a prospective vascular database and analyzed
retrospectively. Speciﬁcally, patients’ age, gender, cardio-
vascular risk factors (hypertension, tobacco abuse,
arrhythmia, diabetes mellitus, dyslipidemia), grade of ICA
stenosis, presence of contralateral carotid stenosis or
occlusion, shunt insertion, carotid cross-clamping duration
and National Institutes of Health Stroke Scale (NIHSS) valuestional stroke) seen on preoperative diffusion-weighted magnetic
Table 2. Carotid endarterectomy technique in accordance with the
topographic pattern of the cerebral ischemic lesion (TCIS vs. CBZI).
Stroke topographic
pattern
Carotid endarterectomy
technique
N (%)
Cerebral border-zone
infarctions
Patch closure 12 (52%)
(23 cases) Eversion 11 (48%)
Territorial cerebral
ischemic strokes
Patch closure 21 (49%)
(43 cases) Eversion 22 (51%)
E. Jean-Baptiste et al. 213were obtained for analysis. The primary endpoint was the
comparative post-operative neurological morbidity rate in
the two groups. Neurological morbidity was deﬁned as any
deterioration or aggravation of the neurological status of
the patient following the surgical procedure or within 30
days after CEA (including transient new-onset or majoration
of the neurological deﬁcit <24 h). We have also determined
the more commonly reported rate of 30-day death or
deﬁnite stroke (lasting for  24 h) after surgery for the
whole cohort as a secondary outcome.
The study protocol was approved by our local institu-
tional ethics committee. Statistical analysis was carried out
using Statview software (5.0, SAS Institute, North Carolina,
USA). The associations between potential medical or
surgical risk factors and post-operative neurological
morbidity were assessed ﬁrst by univariate methods and
then by stepwise multivariate logistic regression analysis.
Categorical variables were compared using c2 test signiﬁ-
cance analysis or Fisher exact test as appropriate. Contin-
uous variables were compared using Student T test or
ManneWhitney U test and expressed as mean  SD or as
median with the range or the inter-quartile range (IQR). The
primary endpoint was adjusted for age, sex, initial NIHSS
scores, and for presence of contralateral carotid stenosis or
occlusion using the Cox-proportional-hazards model.
Statistical signiﬁcance was assumed at p  0.05.RESULTS
In the period from January 2007 to March 2012, 618
patients underwent CEA in our centre. Among these, we
enrolled in the prospective database 66 consecutive
patients who had undergone CEA after an AIS. Clinical
baseline characteristics are presented in Table 1. Mean age
at the time of stroke was 67.96 years (SD  9.64). Fifty-
three out of 66 patients were male (80.3%). The median
time between clinical onset of the cerebral ischemic event
and CEA was 13 days (IQR: 6e32.75 days; range: 2e80).
Forty patients (60.6%) were operated on within 14 days,
while 26 patients were operated on beyond this time-frame
because of initial neurological instability (associated brainTable 1. Baseline characteristics of the population.
Baseline characteristics Border
stroke
Age, mean (SD) years 68  9
Male gender, no. (%) 19 (82.
Carotid degree of stenosis 70e99%, no. (%) 19 (82.
Contralateral ICAa stenosis/occlusion, no. (%) 4 (17.
Hypertension, no. (%) 15 (65.
Smoking, no. (%) 16 (69.
Arrhythmia, no. (%) 2 (8.7
Diabetes mellitus, no. (%) 6 (26.
Dyslipidemia, no. (%) 12 (52.
Initial NIHSS, median score (range) 4 (0e
Carotid cross-clamping time, mean (SD) min 21.7 
CEA Delay 14 days, no. (%) 17 (73.
a ICA: Internal Carotid Artery.
b ManneWhitney U test.hemorrhage or large volume cerebral infarctions with initial
disabling massive deﬁcit).
Forty-three patients (65.15%) experienced TCIS of carotid
origin and were subsequently included in group 1, whereas
23/66 patients (34.85%) had CBZI related to SCS and were
included in group 2. Between the two groups, there were
no signiﬁcant differences in age, sex, degree of carotid
stenosis, contralateral carotid stenosis/occlusion, cardio-
vascular risk factors, initial NIHSS score, carotid cross-
clamping time or time elapsed between onset of the
cerebral ischemic event and CEA (Table 1). A shunt was
placed in 6 patients (9%): 3 (7%) in the TCIS group and 3
(13%) in the CBZI group (P > 0.99). Regarding the CEA
closure technique, the rate of eversion CEA versus patch
closure techniques was equally distributed between the 2
groups (p ¼ 0.79) as displayed in Table 2.
Six patients (9%) suffered an aggravation of the neuro-
logical status during the post-operative period, 3 of which
showed complete regression of the symptoms (deﬁcit) in
less than 1 h. There were no post-operative deaths. The
deﬁnite 30-day death or stroke rate after surgery was 4.5%
[3/66; all in CBZI group, none in TCIS group (p ¼ 0.04)]. As
regards the primary endpoint, deﬁned as any deterioration
or aggravation of the neurological status within 30 days of
surgery, the post-operative neurologic morbidity rate was
signiﬁcantly higher (p ¼ 0.02) in the CBZI group (5/23; 22%)
compared to the TCIS group (1/43; 2%). The risk of post-
operative neurologic morbidity remained signiﬁcantly
higher for patients with CBZI compared to those with TCIS-zone
(n ¼ 23)
Territorial
stroke (n ¼ 43)
p value
.39 67.93  9.88 0.99
61%) 34 (79.07%) 0.99
61%) 33 (76.74%) 0.75
39%) 8 (18.6%) 0.99
22%) 28 (65.12%) 0.99
57%) 24 (55.81%) 0.28
%) 5 (11.63%) 0.99
09%) 10 (23.26%) 0.8
17%) 20 (46.51%) 0.66
25) 4 (0e22) 0.29b
6.6 22.97  8.7 0.57
91%) 23 (53.49%) 0.12
Table 4. Univariate analysis (endpoint: neurological morbidity).
Variable Post CEA
cerebral
eventsa N (%)
p
Age (mean  SD) 72.33  14.26 years 0.25
CEA delay (mean  SD) 8.33  4.32 days 0.30
NIHSS score 11  7 0.02
Carotid cross-clamping
time, mean (SD) min
21.6  6.8 0.77
Sex (Female) 3/13 (23%) 0.09
Hypertension 3/43 (7%) 0.41
Smoking (ongoing) 2/40 (5%) 0.20
Diabetes mellitus 0/16 (0%) 0.32
Arrhythmia 2/7 (28%) 0.12
Dyslipidemia 1/32 (3%) 0.10
Shunt placement 0/6 (0%) 0.42
Severe ipsilateral
stenosis degree
(70e99%)
5/52 (10%) 0.78
Contralateral carotid
signiﬁcant stenosis
or thrombosis
2/12 (16%) 0.30
Border-zone Infarction 5/23 (22%) 0.02
a Any neurological deterioration or deﬁcit aggravation following
carotid endarterectomy (CEA).
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after adjustment for age, sex, initial NHISS scores, and
associated contralateral carotid stenosis or occlusion
(Table 3).
None of the 6 patients (3 in the TCIS group and 3 in the
CBZI group) who underwent CEA with the placement of
a shunt experienced pospoperative neurologic complica-
tions. This was probably not signiﬁcant from a statistical
standpoint because of the small number of patients
(Table 4). With the CEA closure technique, the rate of
postoperative neurologic morbidity was 18% (5/28) in the
eversion group and 3% (1/32) in the patch closure tech-
nique group (p ¼ 0.20). Fig. 3 displays the comparative rate
of neurologic morbidity between eversion and patch
closure technique with respect to the topographic pattern
of the cerebral ischemic lesion (CBZI vs. TCIS). In the same
way, there were no statistically signicﬁcant differences in
postoperative neurologic morbidity between patients
operated on within 14 days of the index event and those
operated on later (12% vs. 4%; p ¼ 0.39). Similar results
were obtained when time elapsed between the index event
and CEA was computed as a continuous variable (Table 4).
When only the early CEA patients were considered, the rate
of postoperative neurologic morbidity remained signiﬁ-
cantly higher in CBZI group compared to TCIS group [29%
(5/17) vs. 0% (0/23); (p ¼ 0.01)].
For the whole cohort, there were no other risk factors
associated with postoperative neurologic morbidity in
univariate analysis besides the initial NIHSS score and CBZI
as summarized in Table 4. When factors with p  0.10 in
univariate analysis were computed into the stepwise
multivariate logistic regression model, only CBZIs (p ¼ 0.04)
proved an independent predictive factor of neurologic
morbidity in CEA following an AIS. NIHSS score (p ¼ 0.09),
female gender (p ¼ 0.09), cardiac arrhythmia (p¼ 0.09) and
dyslipidemia (p ¼ 0.48) were non-signiﬁcant.DISCUSSION
Stroke is the third leading cause of death, behind coronary
artery disease and cancer, and is the leading cause of
disability in Western Europe and the United States.23
Approximately 80% of strokes are ischemic, and signiﬁcant
carotid stenosis >50% is found in 12%e20% of all anterior
circulation ischemic strokes.24,25 Large randomized control
trials (RCT) have shown that CEA is the most effectiveTable 3. Adjusted risk of neurological morbidity after CEA for acute
ischemic stroke using cox-proportional-hazards model.
Variable Hazard
ratio
95%. IC P value
Territorial cerebral
ischemic strokes
0.059 0.004e0.851 0.03
Sex (Female) 1.489 0.180e12 0.71
Patent contralateral
carotid artery
0.382 0.054e2.698 0.33
Age 0.983 0.898e1.075 0.70
NIHSS score 1.156 0.983e1.359 0.08treatment in preventing cerebrovascular events in recently
symptomatic severe carotid stenosis.16,26e28 Furthermore,
it is more cost-effective than carotid artery stenting.29
Former RCTs initially recommended that surgery should
be delayed for 4e6 weeks after a stroke.30,31 However, this
has subsequently been questioned given that the risk of
recurrent stroke in the week following a TIA or minor stroke
is high, up to 10%.15,32e34 According to the recent litera-
ture, CEA is recommended within 7e14 days after AIS in
patients with a regressive or ﬁxed neurologic deﬁcit of >6 h
duration once their condition has been stabilized16,17
without increasing the risk of intracerebral hemorrhage.15
The latest evidence suggests that CEA could also be per-
formed during the hyper acute period without signiﬁcantly
increasing the operative risk in neurologically stable
patients.18,19,35 The operative risk remains high however for
CEA performed in cases of neurological instability (associ-
ated brain hemorrhage, large volume cerebral infarctions
with persistent disabling massive deﬁcit, stroke-in-evolu-
tion).19 For this reason, we decided to operate only on
neurologically stable patients regardless of the time at
which they reached stability. As a matter of fact, more than
60% of patients in this study underwent CEA within 14 days
of the index cerebral event.
Cerebral events distal to internal carotid artery (ICA)
disease are thought to be mostly embolic1,2 and to originate
from unstable plaques.3,4 However, events distal to an SCS
may be due to both embolic and hemodynamic mecha-
nisms, the latter causing the so-called CBZIs. CBZIs, or
watershed infarcts, involve the junction of the distal ﬁelds
of two nonanastomosing arterial systems.5 There are two
types of CBZI found in carotid disease2,5: 1) cortical CBZI
(between the cortical territories of the anterior, middle and
Figure 3. Comparative rate of neurologic morbidity between eversion carotid endarterectomy and carotid endarterectomy with patch
angioplasty. Data are in accordance with the topographic pattern of the cerebral ischemic lesion [CBZI: cerebral border-zone infarction;
TCIS: territorial cerebral ischemic stroke].
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affects the white matter (between the deep and the
superﬁcial arterial systems of the middle cerebral artery or
between the superﬁcial systems of the middle and anterior
cerebral artery). CBZIs follow the gray and white matter
along the length of the parasagittal line, and show two
separate sites of peak infarct frequency, according to the
study performed by Naidich et al. in 200336:
 Frontal peak: in the gray and white matter surrounding
the junction of the superior frontal and precentral sulci;
 Parietal peak: in the gray and white matter of the
superior parietal lobule, posterolateral to the
postcentral sulcus.
Even if the evidence strongly favors a hemodynamic
mechanism for CBZI s,5 there is still some controversy.37,38
In fact, some authors2 support the idea that in SCS both
cortical and deep CBZIs result either from hemodynamic
impairment caused by severe lumen stenosis or from
microembolisms caused by plaque inﬂammation, while
others support the idea that both mechanisms could act in
synergy.39 In our study we did not separate these two types
of patients for two reasons: ﬁrstly, since the controversy
regarding the physiopathology of CBZIs has not yet come to
an end, we preferred to consider them caused by a hemo-
dynamic mechanism; secondly, plaque inﬂammation
mapping with positron emission tomography or detection
of microembolic signals with transcranial doppler was not
systematically performed. Nevertheless, one of the most
important messages of this study lies in the fact that
patients suffering from AIS with hemodynamic impairment
are at higher risk of operative neurologic complications
regardless of whether hemodynamic impairment was inci-
dental, partly, mainly, or the only cause of the stroke. One
innovative point was that these patients with such associ-
ated hemodynamic compromise could be identiﬁed prior to
the operation based upon the brain MRI ﬁndings.In autopsy studies CBZIs represent around 10% of all
strokes.9 However, since CBZIs are rarely fatal, this value is
probably underestimated and imaging studies in SCS report
an incidence ranging from 19% to 64%.7,10,11 In our series,
CBZIs represented 34.85% of all SCS. To the best of our
knowledge, the frequency and outcomes of CBZI in patients
undergoing CEA - compared to TCIS - have never been
investigated in literature so far. In fact, it sounds plausible
that patients with compromised cerebral perfusion identi-
ﬁed on preoperative imaging have a signiﬁcantly higher risk
of recurrent ischemic stroke during CEA. This pilot study
demonstrates that CBZIs occur less frequently if compared
to TCISs (34.85% vs. 65.15% in our series). However, CBZIs
are associated with a higher post-CEA neurological compli-
cation rate (22% vs. 2%, p ¼ 0.02). These different
outcomes may be related to the different physiopatholog-
ical mechanism involved in the ischemic stroke, namely
hemodynamic vs. embolic.
In this study, CBZI was the only independent predictive
factor of neurologic morbidity after CEA for an SCS, while
outcomes do not seem to be affected by female gender,
cardiac arrhythmia, contralateral carotid stenosis/occlusion,
shunt insertion, carotid cross-clamp duration, NIHSS score,
age or other cardiovascular risk factors. Currently, we are not
able to explain why outcomes do not seem to be affected by
contralateral carotid occlusion or carotid cross-clamp dura-
tion. Nevertheless, the p ¼ 0.16 value for neurological
morbidity when assessing shunt insertion in univariate
analysis may be biased by the fact that a shunt was posi-
tioned in only 6 cases. No ischemic events occurred in these
patients. A larger series is necessary to deﬁne the role of
shunt insertion during CEA in CBZIs. At present, literature is
unfortunately scant and further studies would be required as
well to discriminate the outcomes of carotid artery stenting
in accordance with cerebral ischemic lesion topography,
namely for patients with CBZI compared to those with TCIS.
Potential limitations of this study may be related to the
fact that we did not use positron emission topography or
216 European Journal of Vascular and Endovascular Surgery Volume 45 Issue 3 March/2013any electroencephalography, transcranial cerebral oximetry
techniques to better-characterize patients with CBZI and
those with TCIS. Our results remain however valid since
they are based on the accurate diffusion-weighted and
perfusion-weighted MRI data. This study is moreover the
ﬁrst one dedicated to the outcomes of CEA based upon the
topographic patterns of the cerebral lesion in AISs. Our
results highlight the current possibility for surgeons and
neurologists to assess stroke pathophysiological mecha-
nisms thanks to modern brain imaging techniques and thus
to anticipate the need for alternative strategies or protec-
tive cerebral measures during CEA after AISs.CONCLUSION
CBZIs, compared to TCISs, were associated with a higher
neurological complication rate during the postoperative
period of CEA following AIS. Our study represents the ﬁrst
attempt to deﬁne this correlation. In fact, literature remains
scant to date and further studies are required to better
deﬁne the timing and the best treatment modality for
patients with CBZI. Speciﬁcally, the role of CEA with routine
shunting and of carotid artery stenting must be evaluated
with the prospect of reducing associated procedural
complications in this subset of patients.ETHICAL APPROVAL FOR RESEARCH
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